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Abstract

23
Macro-pores such as crab burrows are found commonly distributed in salt marsh sediments. 24 Their disturbance on the soil structure is likely to influence both pore water flows and solute trans- 25 port in salt marshes; however, the effects of crab burrows are not well understood. Here, a hence plant growth [28] . As the tide recedes, a considerable amount of pore water seeps out of 57 marsh sediments near the creek bank. In contrast, little drainage takes place in the marsh interior. 58 Therefore, the optimal soil aeration condition tends to occur near the tidal creek. These simulation 59 results seem to give an explanation for previous observations that salt marsh plants such as Spartina 60 alterniflora often grow better near tidal creeks than in the inner areas [9, 23] . The flow dynamics with dominant infiltration through the marsh platform and drainage across the creek bank lead to a 62 net pore water flow in the form of circulation near the creek (Fig. 1 ). This pore water circulation at 63 the local scale provides a mechanism for more rapid solute exchange between the marsh soil and the 64 tidal creek than that given by diffusive processes through the marsh surface. The circulation ulti-65 mately affects the overall material exchange between the marsh and coastal water. 66 Among the previous numerical studies, the Richards' equation-based model of Ursino et al. 67 [33] showed that if the soil's saturated hydraulic conductivity was relatively low (less than 10 -6 m/s), 68 an unsaturated zone away from the creek would persist below the soil surface even after the tide had 69 flooded the marsh platform. When the burrow casts were excavated, the difference in soil texture between two layers was 
Mathematical description and numerical method
The variably saturated pore water flow in the marsh soil is governed by Richards' equation:
where Φ is the total hydraulic head, and We assumed constant pore water density in the model, which is consistent with measurements 233 of small density variations at the field site. Also we neglected in equation (2) 
Parameters values used in the simulations
279
The parameter values used in the base simulation were set to reflect the field conditions at the ( Fig. 3b in comparison with Fig. 3d ). These changes of local flow patterns indicate that considerable 327 water from the upper soil layer was drained into the lower layer through the burrows.
328
At the low tide, the flows were intensified in both cases (Fig. 2c) . As the outflow area moved 329 towards the low tide limit, the characteristics of dominant vertical and horizontal flows in the upper 330 and lower layers respectively became pronounced, and so did the effect of crab burrows on the 331 flows.
332
On the rising tide, inflow (from the creek to the marsh soil) occurred below the intersection of 333 the tidal water level with the creek bank (Fig. 2d) . Relatively large upward pore water flows devel- 
338
At the beginning of the flooding over the marsh platform, the flow velocities at the observa-339 tion points on both sides of the near-creek burrow surged (Fig. 3) . This indicates that the overtop-340 ping water irrigated quickly the burrows and subsequently flowed into the surrounding marsh soils.
341
This has implications for the behaviour of local soil water saturation and aeration condition as dis-342 cussed further in §4.3.
343
Focussing on the area around the burrow next to the creek, we examined flows on the y-z 344 plane across the centre of the burrow, which demonstrate the flow's three-dimensionality (Fig. 4) .
345
The effects of the burrow on flows in the y and z direction (Figs. 4a-c) were similar to those dis-cussed above (Figs. 4e-g ). In essence, the burrow acts like a drain for the upper soils during the ebb 347 tide and a recharge well during the rising tide. However, the drainage effect seems to be more pro- conductivity contrast between the layers varying as described above.
372
Simulation results showed that for a homogeneous soil (K lower /K upper = 1), the tide-induced 373 water exchange was only slightly affected by crab burrows. Although the burrows had much higher 374 hydraulic conductivity than that of the soil, they occupied a very small volume of the medium and 375 thus by themselves affected little the overall pore water flow. As K lower /K upper increased, the total 376 water exchange volume increased for both cases with and without crab burrows in a similar fashion 377 (Fig. 6) . However, the increase of exchange for the marsh system with crab burrows was more sub- was fully saturated (result not shown). As the tide receded, the near-surface soil became partially saturated in both cases with and without the burrow (Figs. 7a and f) . However, the presence of the 391 burrow led to further reduction of the saturation around it with a down-coning profile evident (Fig.   392   7a ). This is consistent with the drainage effect of the burrow on the pore water flow in the upper soil 393 layer as discussed in §4.2. This effect was intensified as the low tide approached (Fig. 7b) . On the 394 rising tide, the saturation profile rebounded (Fig. 7c) due to increase of hydraulic head in the burrow 395 in response to the tide that propagated through the lower soil layer more quickly than in the upper 396 layer. As the tidal water level rose just above the marsh platform, the flooding water filled the bur-397 row immediately and subsequently infiltrated the soil around the burrow over the depth, resulting in 398 increase of local saturation to 100% (Fig. 7d ).
399
The opposing effects of the burrow on local soil saturation during the rising and falling tide 400 were not even. Tidally averaged soil saturation profiles showed that overall the burrow reduced lo-401 cal soil saturation (Fig. 7e) . The reduction was relatively small for the base condition. However, 
415
These pressure profiles correspond to significant outflow from and inflow to the burrow previously 416 observed near the lower end of the burrow on these tidal stages (Fig. 4) . 417 We also examined the hydraulic head fluctuations at two observation points: one inside the 418 burrow (Fig. 10a) and the other underneath (Fig. 10b) . The hydraulic head at the observation point 
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